The entire sequence (120 ∼ 190 kb) of chloroplast genomes has been determined from a dozen plant species. The genome contains from 87 to 183 known genes, of which half encode components involved in translation. These include a complete set of rRNAs and about 30 tRNAs, which are likely to be sufficient to support translation in chloroplasts. RNA editing (mostly C to U base changes) occurs in some chloroplast transcripts, creating start and stop codons and changing codons to retain conserved amino acids. Many components that constitute the chloroplast translational machinery are similar to those of Escherichia coli, whereas only one third of the chloroplast mRNAs contain Shine-Dalgarno-like sequences at the correct positions. Analyses conducted in vivo and in vitro have revealed the existence of multiple mechanisms for translational initiation in chloroplasts.
INTRODUCTION
Chloroplasts are plant organelles that contain the entire machinery for the process of photosynthesis. In addition, chloroplasts possess their own genome, multiple copies of circular double-stranded DNA molecules, typically 150 kb in size, with over 100 different genes. According to the endosymbiotic theory, chloroplasts were derived from an ancestral photosynthetic prokaryote(s) related to cyanobacteria (72) . This idea was supported at the molecular level by the early observations that nucleotide sequences of chloroplast 5S rRNAs and 16S rRNA genes are highly similar to those from the cyanobacterium Anacystis nidulans (Synechococcus PCC6301) (22, 111) . Sequence analyses of chloroplast (plastid) genomes from a wide range of plant species and cyanobacterial genomes have provided data fundamental to estimating the origin and evolution of chloroplasts as well as the phylogenetic relationships among photosynthetic organisms. After inhabiting the eukaryotic cell lineage leading to plants, there was a massive transfer of genes from the ancestral organelle to the nucleus, and the chloroplast became dependent on the nucleus for most of their gene products and regulatory control (e.g. 36, 73) .
This review focuses on the chloroplast translational machinery and discusses evolutionary relationships among chloroplast genes encoding its components (rRNAs, tRNAs, and ribosomal proteins) from a wide range of plants and related cyanobacterial genes. The alteration of genomic information by RNA editing and the mechanism of translational initiation in chloroplasts are also highlighted. This topic is very timely in light of the recent complete sequencing of several algal chloroplast genomes and a cyanobacterial genome and the substantial progress in the mechanistic analysis of RNA editing and translational initiation of chloroplast mRNAs. Other aspects of the chloroplast genome have been reviewed elsewhere (30-32, 38, 48, 75, 77, 101, 108) .
OVERALL STRUCTURE OF THE CHLOROPLAST GENOME
The genome size of present-day cyanobacteria has been reported to range from 2700 kb (Synechococcus PCC 6301/7942 and PCC 7002) (19, 49) to 6400 kb (Anabaena PCC 7120) (2). The siphonous green alga Codium fragile has the smallest chloroplast (ct) DNA known (89 kb) (71) , whereas the green alga Chlamydomonas moewusii has the largest (292 kb) ctDNA so far analyzed precisely (by constructing a physical restriction map) (113) . However, there is a report that the ctDNA of the green alga Acetabularia could be as large as 400 kb as estimated by a rough method (restriction enzyme analysis) (63) . Therefore, endosymbiont genome reduction to between 5% and 10% and massive gene transfer to the host nucleus are evident after inhabitation (e.g. 36, 83 ).
An outstanding feature of ctDNA is the presence of a large inverted repeat (IR) ranging from 5 kb to 76 kb in length (84) . This arrangement results in duplication of the rRNA genes and other genes included within the IRs. Most of the size variation among ctDNAs in land plants can be accounted for by changes in the length of the IR. For example, geranium ctDNA is unusually large (217 kb), with most of the extra size due mainly to a 76 kb IR (85) . The ctDNAs of some legumes, conifers, and algae are exceptions to this pattern and lack IRs (e.g. 84, 88) . It has been suggested that the IRs were present in the common ancestor of land plants and that one segment of the IR was lost in some legumes and conifers during evolution (84) . This hypothesis was supported, at least in part, by the observation that black pine ctDNA retains an apparent remnant (495 bp) of the large IR (112) . No such IR has been observed in cyanobacterial genomes analyzed so far. The genomes of Synechococcus 6301 (49) and of Synechocystis PCC 6803 (50) contain two copies of rRNA gene clusters in the inverse orientation, but no additional genes are present in the repeats. Therefore, it is hypothesized that the IR was acquired during the reduction of the symbiont genome or that ancestral cyanobacteria-like organisms had the IR in their genomes.
Entire ctDNA sequences have been determined from eight land plants and six algae, and several more ctDNAs will soon be sequenced completely. These include dicots, Nicotiana tabacum (97) , Arabidopsis thaliana (S Tabata, personal communication), and Epifagus virginiana (120); monocots, Oryza sativa (41) and Zea mays (69); gymnosperm, Pinus thunbergii (118); psilotopside, Psilotum nudum (117); bryophyte, Marchantia polymorpha (82); and algae, Chlorella vulgaris (116) , Euglena gracilis (33) , Porphyra purpurea (89), Odontella sinensis (57), Cyanophora paradoxa (66, 102) , and Cyanidioschyzon merolae (80) . Characterization of entire ctDNAs from diverse plant groups has helped in understanding the evolution of chloroplast genomes. "The chloroplast genome tree" has recently been proposed by analyzing a concatenate amino acid alignment from all protein-coding genes in 10 ctDNAs (73) . This tree information is sufficient to resolve the evolution of these chloroplasts. Mapping of the presence and absence of multiple parallel gene losses are the underlying theme of ctDNA evolution, providing evidence for endosymbiotic gene transfer to the nucleus in plants.
The gene content and arrangement of ctDNAs in land plants are relatively uniform from species to species. However, this is not always the case for ctDNAs from a variety of algae. For example, the red alga Porphyra ctDNA contains over 70 new genes not found in the 8 sequenced ctDNAs from land plants (88, 89) . Nonphotosynthetic and parasitic plants, such as Epifagus, are the exception and generally contain much reduced ctDNAs of 50 to 73 kb owing to the loss of many normal chloroplast genes (e.g. 84, 120) .
Chloroplast genes fall into three main categories: genes involved in transcription/translation; those related to photosynthesis; and those encoding proteins involved in the biosynthesis of amino acids, fatty acids, pigments, etc (51). The expression and structure/function relationships of photosynthesis-related genes have been extensively analyzed (e.g. 37) in parallel with the study of photosynthetic mechanisms. The presence of protein-encoding genes was deduced through a homology search (88) , and little is know about their transcripts and translation products. In-depth discussion of their role is premature.
ORGANIZATION OF RIBOSOMAL GENES
Chloroplast genes encoding components of the translational machinery were initially found through homology with the corresponding genes of Escherichia coli, and these genes were later confirmed by analyzing their gene products. The translational machinery in chloroplasts was believed to be similar to that in E. coli. The chloroplast translational machinery consists of 70S ribosomes, tRNAs, aminoacyl tRNA synthetases, initiation factors, elongation factors, release factors, etc. Among these, rRNAs, tRNAs, ribosomal proteins, and several other factors are encoded by ctDNA (Table 1) .
Ribosomal RNA Gene Clusters
The chloroplast genome encodes all the rRNA species (16S, 23S, and 5S rRNAs), and their genes (rrnS) are clustered and transcribed as a unit (34 (25) .
There are several variations from the basic organization among chloroplast rrn clusters (Figure 1) . The large subunit rRNA is often split into two to four pieces. The 4.5S rRNA found in land plant chloroplasts is derived from the 3 end of E. coli-type 23S rRNA (23) , and the 7S/3S rRNAs found in Chlamydomonas reinhardtii chloroplasts from its 5 end (92) . The large subunit rRNA in Chlamydomonas eugametos chloroplasts is unusual and consists of four separate rRNA pieces [280(α), 52(β), 810(γ ), and 1720(δ) nucleotides (nt) (114) ]. Irrespective of how it is split, these rRNA pieces can assume a secondary structure almost identical to that proposed for the 23S rRNA of E. coli, confirming that the continuity of 23S rRNA is not essential for its function.
Ribosomal Protein Gene Clusters
Chloroplast 70S ribosomes contain about 60 different protein components (14, 34, 67, 103) , several more protein species than those in E. coli ribosomes (21 proteins in the 30S subunit and 34 proteins in the 50S subunit). In land plant chloroplasts, one third of the ribosomal proteins are encoded by ctDNA and the remaining two thirds are encoded in the nuclear genome. For example, the tobacco chloroplast ribosome has from 58 to 62 proteins, with from 24 to 26 occurring in the 30S subunit and from 34 to 36 in the 50S subunit (14) , among which 12 of the 30S subunit proteins and 9 of the 50S subunit proteins are encoded by tobacco ctDNA (109) . Identity scores between chloroplast-encoded proteins and the counterparts in E. coli range from 74% (S12) to 18% (L32).
At least five novel proteins that are not homologous to any known E. coli ribosomal proteins have been reported in the higher plant chloroplast ribosome (103) . These novel proteins are all encoded in the nucleus. ORFs similar to those encoding the novel components were not found in the entirely sequenced genomes from E. coli (7) and Synechocystis 6803 (50). These observations support the hypothesis that genes encoding the unique ribosomal proteins originally resided in the ancestral host genome and the gene products are exported into chloroplasts after acquiring transit-peptide sequences. There are still 20 or more significant ORFs in the ctDNA of higher plants, and it cannot be excluded that some of the ORFs may encode further novel ribosomal proteins.
Of the 21 ribosomal proteins in tobacco chloroplasts, 10 are encoded as a unit, which constitutes the largest chloroplast gene cluster (ctL23 cluster) including further genes coding for initiation factor 1 (IF-1) and the α subunit of RNA polymerase (107) (Figure 2 ). The L2 and L16 genes each contain single introns (107) . The organization of this gene cluster is conserved in land plant ctDNAs, and it appears to have retained many genes from an ancestral symbiont operon that is similar to the L3 cluster of Synechococcus 6301 (105), which corresponds to an apparent fusion cluster of three E. coli operons (S10, spc, and α). The genes for S10, S14, L30, and S4 in the E. coli operons are not present in the L3 cluster of Synechococcus 6301 or in the ctL23 cluster, suggesting that the divergence of E. coli-like and Synechococcus 6301-like ancestors occurred before the endosymbiosis. The additional ribosomal protein genes present in the L3 cluster of Synechococcus 6301 are missing in land plant ctDNAs and have either been relocated within ctDNA (S14, S4) or transferred to the nuclear genome (34) . In contrast, some algal ctDNAs contain an expanded ctL23 cluster; for example, 20 ribosomal protein genes are present in the corresponding cluster of Porphyra purpurea and Cyanidioschyzon merolae, which is close to the L3 cluster of Synechococcus 6301. Therefore, of the chloroplast genomes sequenced to date, that of Porphyra appears to be the most "primitive" (88) . As shown in Figure 2 , the IF-1 gene is present only in the ctL23 cluster of land plants. Synechocystis 6803 shares the same gene order as in Synechococcus 6301 except that the IF-1 gene is located between the AK and L36 gene within the cluster. Therefore, the evolution of chloroplast genomes might have involved not only gene transfer but also gene relocation (34, 103) ; alternatively, polyphyletic origins of chloroplasts have been suggested.
ORGANIZATION OF TRANSFER RNA GENES
Sequencing of entire ctDNAs revealed the presence of from 27 to 35 potential tRNA genes (trnS), except in Epifagus. In addition, one or more pseudo tRNA genes are also present in some ctDNAs (96) . These pseudogenes found in monocotyledonous plants are located at or near the inversion endpoints, and the involvement of tRNA genes in genome rearrangements during evolution has been proposed (41, 47, 96) . Six tRNA genes from land plants harbor long single introns (from 0.5 to 2.5 kb), while none or only one exists in algal chloroplasts (51). The chloroplast gene coding for tRNA Leu (UAA) contains a group I-type intron (13) and is found not only in land plants but also is Chlorella (116) and the cyanelle of Cyanophora (102) . This split tRNA Leu gene has also been found in Anabaena (121) and Synechococcus (60, 104) . Interestingly, the pre-tRNA Leu from the cyanobacteria self-splices in vitro (126) , whereas no self-splicing of chloroplast pre-tRNA Leu molecules has been observed so far.
Transfer RNA Species and Codon Recognition
Tobacco ctDNA encodes 30 tRNA species. The location of most tRNA genes was consistent with that based on hybridization with isolated chloroplast tRNAs (5), and expression of all the 30 tRNA genes was confirmed by Northern blot analysis using total tRNA preparation from tobacco chloroplasts (110) . All 61 possible codons are used in the chloroplast genes encoding polypeptides. The minimum number of tRNA species required for translation of all 61 codons is 32 if normal wobble base-pairing occurs in codon-anticodon recognition.
No tRNA that recognizes codons CUU/C (Leu), CCU/C (Pro), GCU/C (Ala), or CGC/G (Arg) according to normal wobble base-pairing is not encoded by the tobacco genome. If the two-out-of-three mechanism operates in the chloroplast, three single tRNA species, tRNA Pro (UGG), tRNA Ala (UGC), and tRNA Arg (ACG), can read all four Pro, Ala, and Arg codons, respectively (these tRNAs form only GC pairs in their first and second codon-anticodon interactions). If "U:N wobble" (U at the first position of anticodons must be unmodified) is assumed (U:N pairing between the first position of anticodons and the third positions of codons), CUU/C (Leu), GUU/C (Val), UCU/C (Ser), ACU/C (Thr) codons can be recognized by a single relevant tRNA species. Thus, the 30 tRNAs are probably sufficient to read all 61 codons (110). These hypotheses have been substantiated by a study in which some of these chloroplast tRNAs were purified from bean and their decoding properties analyzed in a tRNA-dependent wheat germ protein-synthesizing system (86) .
The Synechocystis 6803 genome encodes 41 tRNA species that are sufficient to recognize all codons by normal wobble base-pairing (50), whereas no ctDNAs have so far been reported to contain a full set of tRNA genes, suggesting that one or more tRNA genes have been lost during chloroplast evolution. The number of anticodons not recognized by chloroplast-encoded tRNAs according to normal wobble base-pairing is dependent on the plant species. Epifagus ctDNA has only 17 tRNA genes, and the absence of 13 tRNA genes present in tobacco indirectly raises another possibility of translocation of tRNA genes to the nuclear genome and of import of nuclear-encoded tRNA species to effect translation (120) . Both the completely sequenced genomes of Mycoplasma pneumoniae (816 kb) and M. genitalium (580 kb), the smallest prokaryotic genomes, contain an identical set of 33 tRNA genes that encode tRNAs necessary to recognize all codons (26, 40) . Taken together, chloroplasts with only 27-35 tRNA genes may import one or more tRNA species so that supporting translation without using the expanded wobble base-pairing, although there is no direct evidence to support RNA transport into chloroplasts.
Codon Alteration by RNA Editing
Complete coding information was initially thought to be written in a DNA sequence. However, DNA information is often modified at the level of transcripts by RNA editing and by RNA splicing in chloroplasts. The first evidence for RNA editing in chloroplasts came from the maize rpl2 transcript in which an ACG codon changes to a start codon AUG (46) . A similar creation of initiation codons was also reported in other mRNAs (9, 59, 62, 78). Editing of certain transcripts is partial or differentially regulated by developmental and external conditions, indicating that editing is a critical determinant for gene expression as unedited transcripts are unavailable for translation (9, 45).
RNA editing is not limited to initiation codons but has been observed at internal codons (e.g. 68, 69) and, rarely, in untranslated regions (8). Most edited codons restore amino acids that are conserved in the corresponding proteins of other plants. Therefore, RNA editing is thought to be functionally significant, and its role is likely as a genetic correction process of wrong genomic sequences at the RNA level (8, 29, 69) .
RNA editing occasionally creates stop codons, either UAA from CAA or UGA from CGA, which alters the size of translation products and results in the conservation of protein sizes (79, 115, 124, 125) . Striking cases reported that two editing events result in the creation of an initiation codon and a stop codon within the same transcripts, leading to the formation of new reading frames, or new protein-coding genes at the mRNA level. The petL reading frame in black pine (115) and the accD reading frame in bracken (79) are thus produced at the RNA level.
The number of RNA editing sites in chloroplast transcripts was exhaustively analyzed; so far, 26 have been found in maize (69; R Bock, personal communication), 32 in tobacco (43; our unpublished data), and 26 in black pine (115) , as these three genomes have been completely sequenced. About 0.13% of C residues in the genomic codons is altered to U residues in mRNAs. The C to U conversion does not occur at random, but rather is strongly biased (Table 2) . Among the 82 editing sites (the sum of the three species) that cause amino acid substitution, 40 (48%) are UCA (Ser) to UUA (Phe) transitions and 13 (16%) are CCA (Pro) to CUA (Leu) changes. The second base of codons are frequently edited (72 of the 82 sites, 87%), and 9 changes were found at the first base. Only one was observed at the third base (Ser, CUC to CUU in the tobacco atpA transcript), thus not leading to amino acid substitution (silent editing) (42) . If RNA editing is a genetic correction mechanism, it only works on limited genetic errors.
RNA editing has been identified in chloroplast transcripts from all major lineages of land plants (27) but has not been reported in those from algae and cyanobacteria. Recently, extensive C to U and novel U to C editing was reported in the rbcL and atpB transcripts from a bryophyte, the hornwort Anthoceros formosae; 20 and 29 sites in rbcL and atpB transcripts, respectively (124, 125) . If these numbers are extrapolated to the whole genome, editing frequency would be comparable to that of mitochondria in higher plants [∼1000 sites (29) ]. However, no editing in either organelle was found in another bryophyte, Marchantia polymorpha (29) . One explanation is that this bryophyte originally had this capacity but lost it at some point after M. polymorpha diverged from other bryophytes (39) . Phylogenetic analysis of RNA editing in chloroplast as well as plant mitochondria suggests that editing arose in the bryophyte, although neither editing frequency nor editing pattern of a specific transcript correlates with the phylogenetic tree (27) . The mechanism of RNA editing in chloroplasts is being studied (e.g. 10, 11, 15, 16, 52, 70, 98) and is not discussed here.
UNIQUE MECHANISMS OF TRANSLATION
Certain components constituting the chloroplast translational machinery, e.g. tRNAs, rRNA, ribosomal proteins, IF-1∼3, EF-Tu, and EF-G, were identified through their similarity with those of the translational machinery in E. coli. The discovery of chloroplast-specific ribosomal proteins (see above) indicates the existence of additional components unique to chloroplasts that cannot be identified via homology, although the extent of such components/factors is not yet known. These novel components/factors so far found include chloroplastspecific ribosomal proteins and mRNA-specific regulatory factors which are all nuclear-encoded (see below).
Functional mRNA Species
Mature and functional mRNAs in chloroplasts have no cap-structures nor poly(A) tails, as found in cytoplasmic mRNAs. Poly(A)-rich sequences found in certain chloroplast mRNAs are not the poly(A) tail in cytoplasmic mRNAs but these are the target for rapid exonucleolytic decay of the mRNAs (58, 64, 65) . The primary transcript harbors 5 triphosphates, and its 5 -UTR is often processed endonucleolytically at a specific site(s). The 3 -end trimming generally occurs toward a hair-pin structure in the 3 -UTR (e.g. 31).
Among 70 protein-coding genes and 9 ycfS (conserved ORFs) present in the tobacco chloroplast genome, five (ndhF, psbA, psbM, psbN, and rbcL) are transcribed monocistronically (106) . A methyl jasmonate-induced change in the length of the 5 -UTR was reported to impair translation of the barley rbcL transcript (87) , suggesting that specific 5 -processing (5 ends having monophosphates) is essential for certain chloroplast mRNAs to be functional. However, at least some other primary transcripts seem to be functional because transcripts with 5 -triphosphates from tobacco psbA are highly active in translation in vitro (44) . In Chlamydomonas, nearly all chloroplast genes appear to be transcribed and translated as monocistronic mRNAs (90, 91) .
Many chloroplast genes in higher plants are transcribed as polycistronic pre-mRNAs, which are then endonucleolytically processed into mostly monocistronic mRNAs (119, 122) . Though the pre-mRNA from the maize psbBpsbH-petB-petD operon was translatable (3), processed monocistronic mRNAs were suggested to be more efficient in translation than their precursor (4). The tobacco psaC-ndhD gene cluster is transcribed as a dicistronic pre-mRNA that is then cleaved into monocistronic mRNAs. In vitro translation assays showed that the dicistronic mRNA is not functional and that the intercistronic cleavage is a prerequisite for both psaC and ndhD translation (45) . An intramolecular interaction between an 8-nt sequence in the psaC coding region and its complementary 8-nt sequence in the 5 ndhD UTR inhibited translation of the dicistronic pre-mRNA. Therefore, functional mRNAs in chloroplasts are, in principle, monocistronic, unlike those in E. coli and related bacteria.
Ribosome-Binding Sites in mRNAs
In E. coli, almost all mRNAs have the Shine-Dalgarno (SD) sequence (typically GGAGG), which can bind to the 3 end of 16S rRNA in the 30S ribosomal subunit and initiate accurate translation (76) . The SD sequence is located 7 ± 2 nt upstream from the initiation codon and this position is critical for its function. Figure 3 shows the 5 -UTRs of 10 ribosomal protein genes present in the tobacco ctL23 cluster and their counterparts in Synechococcus 6301 and E. coli. All the E. coli genes have SD sequences at a conserved position and ATG codons at the initiation site, which is reasonable to produce equimolar Figure 3 Comparison of the 5 -UTRs of 10 ribosomal protein genes in the ctL23 cluster from tobacco chloroplasts and from the corresponding Synechococcus 6301 and E. coli genes (see Figure 2) . The SD-like sequences are shown by bold characters with underlining. ribosomal proteins. This is not the case for chloroplasts. SD-like sequences are found but their positions are highly variable, and rpl2 and rpl16 do not even have such sequences. The SD-like sequences of rps19, rpl22, rpl14, and rps11 are likely to be functional but the others seem not to be active based on the spacing. In addition, the initiation codon of rps19 is GTG whose translational efficiency is roughly one tenth that of ATG (our unpublished result). The existence of an additional and unique mechanism(s) is hypothesized to produce a compatible level of ribosomal proteins in chloroplasts.
Among the 79 protein-coding genes (including 9 ycfs) in tobacco chloroplasts, 30 contain no SD-like sequences within 20 nt upstream from the start codon, and the remaining 49 have SD-like sequences but not in a conserved position. Mutagenesis and in vitro translation assays revealed that three SD-like sequences, GGA at positions −14 to −12 in rps14 (43) , GGAG at −18 to −15 in atpE, and GGAGG at −10 to −6 in rbcL (our unpublished observation) are required for translational initiation. Assuming that SD-like sequences present between −18 and −6 are functional in tobacco chloroplasts, 38 of the 49 genes are likely to have functional SD-like sequences. The distribution of SD-like sequences is similar to that from other plant species (6, 12, 28, 94, 101). Similarity is also observed in Synechococcus 6301 (see Figure 3) , again supporting the cyanobacterial origin of chloroplasts. Clearly, the mechanism of translational initiation in chloroplasts is not always similar to that found in E. coli.
The establishment of chloroplast transformation for Chlamydomonas reinhardtii has allowed examination in vivo of the effect of site-directed mutations introduced into the chloroplast genome. Deletion of an SD-like sequence from the psbA mRNA (GGAG, −31 to −28) abolished translation (74) , whereas mutation of that from the petD mRNA (GGA, −12 to −10) did not affect translation (95) . Replacement mutagenesis of the SD-like sequences had no effect on the expression of the atpB mRNA (GGAGG −115 to −111), atpE mRNA (GAAG, −22 to −19), rps4 mRNA (GAAG, −149 to −146), and rps7 mRNA (GGA, −116 to −114) (24). Furthermore, insertion of GGAGG at positions −9 to −5 in the four mRNAs did not enhance expression of these mRNAs. Based on the observations, a unique translational initiation system was suggested to be present in C. reinhardtii. However, all SD-like sequences examined seem to be too far from start codons, because the location of SD-sequences (7 ± 2 nt) is critical for ribosome-binding in E. coli (76) .
In Euglena, replacement mutations of the SD-like sequence from the atpH mRNA (GGAGUU, −10 to −5) showed little effect on the formation of translational initiation complexes in vitro (6). Similarly, introduction of GGGAG at positions −11 to −7 into the rbcL mRNA resulted in only a modest increase in the complex formation (56). This situation is similar to that observed in Chlamydomonas.
To study the translation start site selection in chloroplasts, ribosome-binding sites on mRNAs were investigated using primer extension inhibition analysis (toeprinting). The barley rbcL mRNA has a GGAGG at positions −10 to −6 and is associated with ribosomes at the translation initiation site (54). This result suggests that the SD sequence is functional in chloroplast translation. Though the psbA mRNA lacks an SD-like sequence within −12 region, toeprint analysis revealed that ribosomes bind to its initiation region, suggesting the existence of an additional mechanism to select correct initiation sites (54).
Using an in vitro translation system from tobacco chloroplasts, cis-elements have been identified that are essential for tobacco psbA mRNA translation (44) . Two are complementary to the 3 terminus of chloroplast 16S rRNA and probably necessary for the association of the 30S ribosomal subunit (AAG at −11 to −9 termed as RBS1 and UGAU at −25 to −22 as RBS2). The other is an AU-rich sequence (UAAAUAAA at −21 to −14) located between RBS1 and RBS2; this is another critical element for translation, termed the AU-box. In vitro mRNA competition experiments revealed the existence of a trans-acting translation factor(s), possibly interacting with the AU-box (44) . As an important development, this in vitro system holds promise for elucidating cis/trans-elements involved in the translation of chloroplast mRNAs. An SD-like sequence (GGAG) located at −36 to −33 was found not to affect translation, due probably to its location far upstream (44) . Unique ciselements and/or trans-acting factors have been sought for mRNAs without SD-like sequences in their 5 -UTRs. The 5 -UTR of tobacco atpB mRNA is rich in U residues, and in vitro translation analysis indicated that the U-rich sequence is essential for translation, possibly together with a transacting factor(s) (our unpublished result). Based on these in vitro studies, tobacco chloroplasts have at least three different mechanisms for translational initiation.
Evidence for the involvement of nuclear-encoded trans-factors in translation come mostly from genetic and molecular analyses of nuclear mutants of Chlamydomonas (20, 21, 28, 35, 53, 75, 90, 91, 93, 99, 123, 127, 128) , whereas protein factors that interact with the 5 -UTR of several chloroplast mRNAs have also been reported from higher plants (1, 44, 55). Many of these factors seem to be mRNA-specific, suggesting the presence of unexpectedly larger numbers of regulatory proteins unique to chloroplast translation.
Initiation Codons
A critical phase of translation initiation is the selection of the correct initiation codon. The initiation codon of chloroplast mRNAs from land plants is AUG and rarely GUG. UUG has been assigned as the potential initiation codon for the IF-1 gene from Chlorella chloroplasts (116) , but there is no experimental evidence to confirm whether this gene is expressed. Among the 79 proteincoding genes in tobacco chloroplasts, only two mRNAs have GUG as initiation codons (rps19, psbC ). The start codon of two mRNAs ( psbK, ycf15) has not been defined (either AUG or GUG), and the remaining mRNAs possess AUG codons in which two are created from ACG codons by RNA editing ( psbL, ndhD) (see below).
To study translational initiation in vivo, initiation codons were mutated by chloroplast transformation in Chlamydomonas. Change of the petD initiation codon from AUG to either AUC or AUU caused temperature-sensitive growth, probably because of inefficient translation of petD mRNA (17) . Then, the start codon AUG of petA was altered to AUU, ACG, ACC, ACU, and UUC. The translation product (cytochrome f) accumulated to detectable levels in the four mutants but not in the one with UUC. Only one mutant with an AUU codon grew well. These results suggest that an AUG codon is not required to specify the site of initiation but that the efficiency of initiation depends on the identity of the initiation codon in Chlamydomonas (18) .
Phenotypic changes and accumulation of translation products can be detected by the in vivo analysis described above. In contrast, in vitro translation assays allow us to define the initiation site by measuring the size of translation products, and also to eliminate possible effects of coding regions and 3 -UTRs on translational initiation by replacing them with a foreign sequence (e.g. lacZ mRNA) (44) . Using the tobacco psbA mRNA, changing the initiation codon AUG to ACG abolished translation in vitro (44) . The replacement of AUG by GUG decreased translation to about 10% of the wild type in several tobacco mRNAs (our unpublished data).
There are often multiple possible initiation codons in protein-coding genes and it is not easy to determine which is the real start codon. Determining the N termini of translation products is straightforward, albeit laborious. In land plants, RNA editing creates AUG from ACG in rpl2, psbL, ndhD, petL, and accD mRNAs (9, 46, 59, 62, 78, 79, 115) . The ndhD mRNA from tobacco contains potential start codons AUG and GUG, but the downstream ACG is edited to produce AUG (78) . In vitro translation assays clearly indicated that only the edited AUG acts as the initiation codon (45) . These observations indicate that chloroplast protein structures or exact protein-coding regions cannot always be predicted from their genomic sequences. This proviso should be kept in mind when comparing gene sequences for evolutionary studies.
PROBLEMS AND PROSPECTS
Entire sequences of chloroplast genomes have been determined from a wide variety of plants and of a cyanobacterial genome, providing an enormous amount of evolutionary information. Close comparison not only of gene sequences but also of gene arrangements gives strong support to the endosymbiotic theory of chloroplast origin.
Eighty-two different genes were described when the complete nucleotide sequence of tobacco chloroplast genome was reported in 1986. During the past decade, 23 additional genes have been identified although a comparable number of significant ORFs remains to be identified. This indicates that the identification of novel genes is an extremely difficult task, requiring creative experimental approaches. In addition, several long regions still have not been assigned any genes nor any significant ORFs. The sprA gene encoding a small RNA was found in such a region and further small RNA species might be encoded there. Thus final conclusions cannot be drawn, even about the full coding potential of the chloroplast genome.
The process of chloroplast gene expression was initially thought to be similar to that of E. coli, owing to the strong resemblance of certain chloroplast components involved in transcription and translation to those of E. coli. However, only sequences homologous to the E. coli genes encoding components of its RNA polymerase and translational machinery were identified as the chloroplast counterparts.
Recent studies have shown that chloroplast gene expression is much more complex than previously thought; there are multiple classes of promoters and of RNA polymerases, multiple RNA processing steps (RNA cleavage/trimming, cis/trans-splicing, RNA editing, and RNA stability), and multiple mechanisms for translational initiation. Corresponding to these findings, chloroplast-specific components/factors are being identified by biochemical methods. Results from genetic studies using Chlamydomonas suggest that from five to ten specific nuclear-encoded factors are required for the expression of specific chloroplast genes.
Why chloroplasts have such complex processes remains to be determined. It has been postulated that these posttranscriptional steps are remnants of the old RNA world for transferring proper genetic messages into proteins, and that present-day nuclear genomes acquired accurate genetic information in their DNA sequences, co-linear with protein sequences, over the course of evolution. This also seems to be the case for transcription and translation of present-day prokaryotes, which have adopted and polished single systems from several trial pieces. Thus the chloroplast genetic system may offer a window on evolutionary antiquity.
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